Abstract Genetically modified (GM) crops undergo large scale multi-location field trials to characterize agronomics, composition, and the concentration of newly expressed protein(s) [herein referred to as transgenic protein(s)]. The concentration of transgenic proteins in different plant tissues and across the developmental stages of the plant is considered in the safety assessment of GM crops. Reference or housekeeping proteins are expected to maintain a relatively stable expression pattern in healthy plants given their role in cellular functions. Understanding the effects of genotype, growth stage and location on the concentration of endogenous housekeeping proteins may provide insight into the contribution these factors could have on transgenic protein concentrations in GM crops. The concentrations of three endogenous proteins (actin, elongation factor 1-alpha, and glyceraldehyde 3-phosphate dehydrogenase) were measured in several different maize hybrids grown across multiple field locations over 2 years. Leaf samples were collected from healthy plants at three developmental stages across the growing seasons, and protein concentrations were quantified by indirect enzymelinked immunosorbent assay (ELISA) for each protein. In general, the concentrations of these three endogenous proteins were relatively consistent across hybrid backgrounds, when compared within one growth stage and location (2-26%CV), whereas the concentrations of proteins in the same hybrid and growth stage across different locations were more variable (12-64%CV). In general, the protein concentrations in 2013 and 2014 show similar trends in variability. Some degree of variability in protein concentrations should be expected for both transgenic and endogenous plant-expressed proteins. In the case of GM crops, the potential variation in protein 
Introduction
Prior to commercialization, genetically modified (GM) crops undergo a comprehensive safety assessment to determine food, feed, and environmental safety. Large scale multi-location field trials are conducted to evaluate agronomic performance, compositional equivalence, and trait efficacy, including the quantification of newly expressed protein(s) [herein referred to as transgenic protein(s)]. A range of geographic locations and representative environments are selected for field studies to capture the potential variability in agronomic performance and phenotypic characteristics that may be due to the environment and other external factors (EFSA 2015) . Agronomic performance of a hybrid is known to be affected by environmental factors like temperature, rainfall, soil type, and soil nutrients. Similarly, protein concentrations may also be influenced by external factors at each field location in addition to tissue type and growth stage (Dong and Li 2007; Trtikova et al. 2015; Wan et al. 2005) . There are several examples in the literature demonstrating the potential variability in transgenic proteins. For example, the concentration of crystalline (cry) proteins from Bacillus thuringiensis (Bt) in GM cotton were previously observed to be influenced by the environment or field location, growth stage and tissue type (Greenplate 1999; Pettigrew and Adamczyk 2006; Siebert et al. 2009 ). Likewise, GM maize grown in field trials in India (Siebert et al. 2009 ) and in Germany (Zhang et al. 2016 ) both reported variable Bt protein concentrations, depending on the tissue type, growth stage, and field location. And, in a separate study, Bt protein concentrations in maize were shown to be variable under optimal and stressed environments (Trtikova et al. 2015) .
While there is a general consensus that the concentration of transgenic proteins will have some inherent variability over time and across locations, the degree to which these external factors affect transgenic protein expression remains largely unknown and also depends on the characteristics of each protein and the promoter used to drive expression. Hence, to support safety assessments, transgenic proteins are typically quantified from multiple tissue types (e.g., leaf, stalk, root, pollen) and growth stages (e.g., early vegetative, reproductive and senescent stages) of the plant, and across multiple representative environments to capture potential variability.
Endogenous genes that encode for housekeeping proteins involved in basic cellular processes are typically assumed to have stable expression within a plant and are not thought to be influenced to a large extent by external factors in healthy plants. Hence, housekeeping genes are commonly utilized as internal controls for normalization in gene expression analyses (Czechowski et al. 2005) , and housekeeping proteins can be used for normalization in protein analytical methods . For example, Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH), an important component of the glycolytic pathway, is commonly used as an internal reference gene (Thellin et al. 1999) and can also be used as a reference protein . Elongation factor 1-alpha (EF1-alpha) helps regulate protein synthesis through its role in the elongation of amino acid chains and has been identified as a stable reference protein for rice protein analysis . Similarly, b-actin, which is essential for the structure of the cytoskeleton, is commonly used as an internal control in gene expression studies (Thellin et al. 1999) . However, several studies have demonstrated that these, as well as other endogenous genes and proteins, can be influenced by a variety of factors (Czechowski et al. 2005; Li et al. 2011; Thellin et al. 1999) .
The objective of this study was to characterize the effects of genotype, growth stage and location on the concentration of three endogenous housekeeping proteins [actin, EF1-alpha, and GAPDH] by indirect ELISA. Several traditionally bred, commercially available maize hybrids grown at multiple field trial locations in India over 2 years were used in this study. Experimental design and field study parameters comparable with those used to support India field trial requirements for GM crops prior to regulatory approval [Biosafety Research Level trials, which are governed by the Review Committee on Genetic Manipulation (RCGM) and the Genetic Engineering Approval Committee (GEAC), respectively; (IGMORIS 2008) ] were used to assess the concentration of these endogenous housekeeping proteins in these traditional hybrids. Effort was made to follow similar field study planting, maintenance, and tissue sampling protocols as those used for GM crop field trials. Understanding the effects of genotype, growth stage and location on the variability of these endogenous housekeeping proteins may give some insight into the degree of variability that may be expected for transgenic proteins in GM crops. Although the variability observed in the concentration of the three endogenous proteins is not expected to be fully reflective of the variability that could be observed for all other proteins (including transgenic or other endogenous proteins), these housekeeping proteins are used in this study as an example to better understand the influence of genotype, growth stage and location on protein concentration in general.
Materials and methods

Field trials
Field trials were conducted in India, during the rainy season in 2013 and 2014. In 2013, six maize hybrids were grown in six locations (Aurangabad, Bengaluru, Davangere, Hyderabad, Jalandhar, and Udaipur; Online Resource 1 and 2). In 2014, six different maize hybrids were grown in four of the same locations of previous year along with two additional locations, Patna and Shigaon (Online Resource 1 and 2). Hybrids were sown in a randomized complete block design (RCBD) containing three blocks, with each block containing six row plots of twenty plants per each row. The maize hybrids were selected based on diverse genetic backgrounds and variable maturity. Field trial locations were selected to be representative of the environment in India where commercial maize hybrids are grown and based on their suitability for the relative maturity of the hybrids. All of the common agronomic practices (land preparation, inter-cultivation, irrigation, fertilizer application, herbicide and insecticide applications, etc.) were applied uniformly across locations.
Sample collection and sample preparation Five healthy maize plants from each plot were randomly selected for sampling at three growth stages, early vegetative (VS), grand growth (GS) and reproductive (RS) stages representing the V3-V4, V10-V12, and R1-R2 stages of crop growth, respectively (Ritchie et al. 2005) . From each plant, the second or third leaf from the top of the plant was excised, approximately 6-8 cm of the middle portion of the leaf (excluding the mid-rib) was separated, and the samples were pooled in a tube and stored immediately on dry ice. Samples were shipped to the laboratory on dry ice, lyophilized, finely ground, and stored at -80°C until further analysis.
Confirmation of antibody specificity
To confirm the specificity of the commercially available antibodies to their respective proteins, total soluble protein was extracted from representative leaf tissues (GS stage from hybrids grown in 2014) and was subjected to western blot analysis. Homogenized leaf tissue (10 mg) was weighed into 1.2 ml polypropylene tubes and 600 ll of carbonate buffer (pH 9.6) was added. Sterilized steel beads were added to the tube and agitated for 1 min at 1200 strokes using a genogrinder (Spex, USA). The mix was centrifuged at 4000 rpm at 4°C for 10 min, and 280 ll of supernatant was collected and mixed with 80 ll of 59 sample buffer (250 mM Tris HCl, pH 6.8, 10% SDS, 30% (v/v) glycerol, 10 mM DTT, 0.05% (w/v) Bromophenol blue) and 40 ll of 10X NuPage sample reducing agent (Invitrogen, USA). The samples were incubated at 95°C for 5 min, and 30 ll of each sample was loaded on to a 12% SDS-PAGE gel (Invitrogen, USA) after a brief centrifugation at room temperature.
Gel electrophoresis and western blot analysis were performed to characterize actin, GAPDH and EF1-alpha proteins. Following gel electrophoresis (35 mA for 1.5 h), the separated proteins were blotted onto a nitrocellulose membrane with an Invitrogen iBlot system (Invitrogen, USA). The membrane was blocked with 5% skimmed milk, followed by incubation with an appropriate primary antibody diluted in 1% skimmed milk for two hours at room temperature. After washing three times with phosphate buffer saline containing 0.05% tween 20 (PBST), the membranes were incubated for an hour with an appropriate secondary antibody diluted in 1% skimmed milk. The details of primary and the secondary antibodies dilutions for detecting each protein are provided in Online Resource 3. After washing three times with PBST, the membrane was washed for 10 min in PBS, and was subsequently developed using a SuperSignal West Pico Chemiluminiscent substrate (Thermo Scientific, USA). Images were captured in Image Quant LAS 4000 system (GE Healthcare, Japan).
Protein quantification by ELISA
Preparation of standard curves
A relative quantification method was developed to quantify the expression of the three endogenous proteins. To prepare a standard curve for actin and GAPDH proteins, lyophilized leaf tissue from maize samples at RS stage were pooled to create a reference sample. To prepare a standard curve for EF-1 alpha, rice culm tissue at active tillering stage (25-35 days after transplantation) was used. The reference sample was weighed (10 mg) into 1.2 ml tubes and extracted with 600 ll of carbonate buffer (pH 9.6). Following centrifugation, supernatant was collected into new tubes and serially diluted, and an arbitrary number (units/ml) was assigned to the top dilution. Proportionate numbers (units/ml) were assigned to the remaining dilutions deriving a relative standard curve. For actin, the standard curve dilutions ranged from 1:200, 1:400, 1:500, 1:600, and 1:800, which were represented by 5, 2.5, 2.0, 1.67, and 1.25 units/ml, respectively. For GAPDH, the standard curve dilutions ranged from 1:100, 1:200, 1:400, 1:800, 1:1600 and 1:2000, which were represented by 10, 5, 2.5, 1.25, 0.625, and 0.5 units/ml, respectively. For EF-1 alpha, the standard curve dilutions ranged from 1:800, 1:1600, 1:2000, 1:2400 and 1:3200, 1:4000 and 1:5000, which were represented by 0.125, 0.0625, 0.05, 0.042, 0.03125, 0.025, and 0.02 units/ml, respectively.
ELISA
On 96-well plates, three replicates of the appropriate standard curve, and duplicates for each test sample were loaded (100 ll per well), and the plates were incubated at room temperature for 1 h followed by an overnight incubation at 4°C. The coating solutions were aspirated and the plates were blocked with 100 ll of 1% skimmed milk, 0.5% skimmed milk, and 300 ll of sodium caseinate solution (0.2% sodium caseinate and 5% sucrose) for actin, EF1-alpha, and GAPDH proteins, respectively. Following blocking, the plates were incubated with 100 ll of primary antibody diluted in PBST (Online Resource 3) at 24°C for 1-2 h. The plates were washed three times with PBST and incubated with secondary antibody diluted in PBST (Online Resource 3) at 24°C for 1-2 h. After washing three times with PBST, plates were incubated with 100 ll per well of TMB for 30 min, and the reaction was stopped with 1 N HCl. The resultant color intensity was read with Spectramax M5 Spectrophotometer (Molecular Devices, USA) at wavelength settings of 450 nm minus 650 nm. Softmax Gxp software was used to generate the quadratic curve or 4-parameter logistics curve for the standard curves for each protein, and the resultant optical density (OD) values from samples were converted to arbitrary units/ml by interpolating to the generated standard curve. All the standard curves have shown R 2 value [ 0.98.
Statistical analysis
For a given endogenous protein in a given growth stage, data was analyzed using the following linear mixed model:
, and e ijk * iid N(0, r Error 2 )}. Where l denotes the overall mean (fixed effect), h i denotes the effect of the ith hybrid (random effect), ' j denotes the effect of the jth location (random effect), b k(j) denotes the effect of the kth block within the jth location (random effect), (h') ij denotes the interaction between the ith hybrid and the jth location (random effect), and e ijk denotes the random error associated with the sample collected from the plot assigned the ith hybrid in the kth block of the jth location (random effect or residual). Notation * iid N(0, r a 2 ) indicates random variables that are independent and identically distributed (iid) as normal with zero mean and variance r a 2 . Subscript a represents the corresponding source of variation. Statistical analyses were conducted using SAS software, Version 9.3 (SAS Institute Inc., Cary, NC, USA 
Results
Confirmation of antibody specificity
Western blot analysis was used to confirm the specificity of the antibodies to their respective proteins. A single prominent band was observed for the actin, GAPDH, and EF1-alpha proteins with the expected molecular weight of approximately 41.3, 37, and 49.1 kDa, respectively (Online Resource 4). Based on these results, these commercial antibodies were determined to be specific for the respective endogenous proteins.
Relative expression of actin, EF1-alpha and GAPDH proteins across locations and hybrids
The effect of hybrid background on the concentration of each endogenous protein was determined comparing relative concentration of the protein (units/ml) in all the hybrids grown at a single location. The coefficient of variation (%CV-Hybrid) represents the variability in the concentration of endogenous proteins that is related to hybrid background (i.e., genotypic variance). To determine the relative effect of location on the concentration of endogenous proteins, the expression of a protein (units/ml) in each hybrid background was compared across the locations. The coefficient of variation (%CV-Location) represents the variability in the concentration of endogenous proteins that is related to location (i.e., environmental variance). The results from 2013 to 2014 growing seasons and each growth stage were kept separate and were not pooled for the analyses.
The relative effect of hybrid background on the concentration of actin (units/ml), represented as %CV-Hybrid ranged between 5-22% and 5-24% across all growth stages, in the years of 2013 and 2014, respectively (Table 1 ). The relative effect of location on the concentration of actin (units/ml), represented as %CV-Location ranged between 22-36% and 31-51% across all growth stages, in the years of 2013 and 2014, respectively ( Table 1 ). The general trend observed for the concentration of actin were consistent for the GAPDH and the EF1-alpha proteins, with hybrid background contributing less than location to the total variability in relative protein concentration. The %CV-Hybrid for GAPDH ranged from 4-25% to 2-26% in 2013 and 2014, respectively, whereas the %CV-Location ranged from 20-42% in 2013 to 15-49% in 2014 (Table 2) . Similarly, the %CV-Hybrid for EF1-alpha ranged from 4-21% in 2013 to 5-25% in 2014, whereas the %CV-Location ranged from 13-31% in 2013 to 12-64% in 2014 (Table 3) . In general, the results for all three endogenous proteins in the 2013 and 2014 growing seasons provide evidence that both hybrid background and location contribute to the observed variation in their concentration; however, in both years, location contributed more to the total variability observed in this study.
Relative concentration of actin, EF1-alpha and GAPDH proteins across growth stages Variability in the concentration of the three endogenous proteins at each growth stage was analyzed across all the locations and all the hybrids (Table 4 ). The effect of growth stage on the relative concentration of the GAPDH was highest, with %CV ranging from 35% in 2013 to 55% in 2014. The %CV for actin ranged from 19% in 2013 to 12% in 2014, and the %CV for EF1-alpha ranged from 15% in 2013 to 11% in 2014.
Variance component analysis of endogenous protein concentrations
Variance component analysis of the relative concentration of each protein was used to characterize the amount of variation contributed by location, hybrid, location 9 hybrid, block (replication) and residual across all growth stages (Fig. 1) . The results from 2013 to 2014 growing seasons and each growth stage were assessed separately. In 2013, the variation in the concentration of actin protein that was contributed by location was estimated to be 47, 75, and 74% for the VS, GS, and RS growth stages, respectively. Similarly, for the EF1-alpha and GAPDH proteins, location contributed 47, 62, and 40%, and 51, 65, and 40% of the variation, respectively for these three growth stages. The % variation due to hybrid background was very low relative to the other factors considered, ranging from 0 to 8% for all the three proteins. The amount of variation contributed by location x hybrid interaction was also low, with the exception of the EF1-alpha and GAPDH proteins at the RS growth stage, where it contributed 20 and 25% of the total variability, respectively. Block-to-block variability contributed 0-17% variation across the three growth stages and across the three proteins. In 2014, the amount of variation in the concentration of the actin protein that was contributed by location was estimated to be 79, 85, and 74% for the VS, GS, and RS growth stages, respectively. Similarly, for the EF1-alpha and GAPDH proteins, location contributed 40, 74, and 63%, and 31, 84 and 25% of the variation, respectively for the same growth stages. The % variation due to hybrid background in 2014 was very low as it was in 2013, ranging from 1 to 7% for all three proteins, with a few exceptions. For example, hybrid background contributed 17% of the total variability at the at VS stage for EF1-alpha and 19% at RS stage for GAPDH proteins. The amount of variation contributed by the location x hybrid interaction and replication were both low, with %CV ranging from 1-10% to 0-14%, respectively.
Discussion
For the safety assessment of a GM crop, the concentration of a transgenic protein is measured across representative growing environments, within relevant plant tissues, and throughout the growing season. Agronomic performance of a crop may be influenced, to varying degrees, by biotic and abiotic factors in a growing season. Similarly, transgenic proteins may also be influenced by temporal and spatial differences, in addition to these factors (Dong and Li 2007) . Variability in protein expression is not unique to transgenic proteins in GM crops, and variability across the growing season, across locations, or within different plant tissues is expected for all plantexpressed proteins.
Endogenous housekeeping proteins were used as an example in this study to demonstrate the degree to which plant-expressed proteins can vary over time and across different environments. Housekeeping proteins typically maintain relatively stable concentrations in healthy plants, due to their role in cellular functions, however they also may be influenced to some degree by external environmental factors without affecting the health and safety of the plant. Understanding the factors that contribute to the variability in concentration of these housekeeping proteins may provide insight to explain the variability that is expected for transgenic proteins in GM crops. Actin, EF1-alpha and GAPDH were selected as example proteins for assessment because they are well studied (Brunner Cruz et al. 2009; Gimeno et al. 2014; Gutha et al. 2010; Li et al. 2011; Paolacci et al. 2009 ), and indirect quantitative ELISA methods could be developed with commercially available antibodies. In this study, the concentrations of all three endogenous proteins were influenced by growth stage, hybrid background, and location, to some extent. The concentrations of these three endogenous proteins were relatively consistent across hybrid backgrounds, when compared within one growth stage and location (2-26%CV), whereas concentrations of the proteins in the same hybrid and growth stage across different locations were more variable (12-64%CV). In general, the effects of genotype on the variability of these stably expressed housekeeping proteins was small, relative to total protein variability, and the observed trends were relatively consistent in both 2013 and 2014. The inherent variability of endogenous plantexpressed proteins is not expected to affect the health or safety of the plant, and degree of variability observed for these endogenous proteins is important to consider with respect to the variability that can be expected for other plant-expressed proteins, including transgenic proteins.
Like endogenous proteins, the growth stage of the plant is expected to influence transgenic protein concentrations, and there are many examples where transgenic proteins have been variable across the growing season in different crops (Kranthi et al. 2005; Nguyen and Jehle 2007; Zhang et al. 2011) . The degree to which growth stage affects protein concentration will be different depending on the characteristics of each protein, the promotor that drives the protein expression, and the crop (Dong and Li 2007 ; Fig. 1 Variance component analysis of the contribution of location, hybrid, location 9 hybrid, block (replication) and residual to the variation in relative Actin, GAPDH and EF1-alpha protein concentrations across growth stages [vegetative (VS), grand growth (GS) and reproductive stage (RS), which correspond to the V3-V4, V10-V12, and R1-R2 stages of crop growth, respectively]. Panels a and b represent the analysis of 2013 and 2014 years, respectively Trtikova et al. 2015; Wan et al. 2005) . Additionally, as reviewed by Dong and Li (2007) , soil, microclimate, pest pressure, and crop management practices may all affect the concentration of transgenic proteins. There are also many examples of studies that have identified location to be a factor influencing transgenic protein concentrations in GM crops (Adamczyk et al. 2001; Kamath et al. 2010; Nguyen and Jehle 2007; Zhang et al. 2016) . Because some degree of protein variability is expected, transgenic protein concentrations in GM plants are extensively characterized across growth stages, relevant tissue types, and multiple growing environments. Locations for regulatory field trials of GM crops are selected to be representative of a wide range of growing conditions, as they may differ in many meteorological as well as agronomic conditions (Pettigrew and Adamczyk 2006) .
The concentrations of transgenic proteins in GM plants are measured across representative growing environments, within relevant plant tissues, and throughout the growing season. Protein concentrations in relevant plant tissues are used to estimate food, feed and environmental exposure, as part of the safety assessment of GM crops. Hazard studies are typically conducted at very high doses, relative to the estimated exposure. Any potential site to site, hybrid to hybrid, and seasonal variability in transgenic protein concentrations is very small, relative to the high doses tested as part of the safety assessment. Therefore, while some degree of variability in protein concentrations should be expected for both transgenic and endogenous plantexpressed proteins, this variability is captured in the current model of multi-location field testing, and will not affect the food, feed and environmental safety assessment of a GM crop.
